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MATERIALS AND METHODS

Target Preparation
Mouse kidney (MK) total RNA (Ambion, Austin, TX) and mouse universal reference (MUR) total RNA (Stratagene, La Jolla, CA) were chosen as sources for RNA to minimize biological variation and interexperimental differences. Targets were prepared using four different methods: 1) one round of amplification (OneRA), 2) two rounds of amplification (TwoRA), 3) Ribo-SPIA linear amplification with the Ovation biotin system (RS), and 4) Ribo-SPIA linear amplification with the picogram Ribo-SPIA prototype system (pRS).
One round of amplification. Starting with 10 g of total RNA, cRNA targets were prepared using OneRA [standard protocol, version VII; Affymetrix (see https://www.affymetrix.com/support/downloads/ manuals/expression_s2_manual.pdf)] (Fig. 1) . Briefly, RNA was transcribed into cDNA using reverse transcriptase with a T7 primer that contains a promoter for DNA-dependent RNA polymerase (3, 21) . After RNase H-mediated second-strand cDNA synthesis, the doublestranded cDNA (dscDNA) was purified and served as a template in the subsequent in vitro transcription (IVT) reaction. The IVT reaction was performed in the presence of T7 RNA polymerase and a biotinylated nucleotide analog-ribonucleotide mix for cRNA amplification and biotin labeling. The biotinylated cRNA targets were then cleaned up, fragmented, and hybridized to GeneChip expression arrays.
Two rounds of amplification. Starting with 10 ng of total RNA, cRNA targets were generated using TwoRA (small sample protocol, version II; Affymetrix) ( Fig. 1) . Briefly, in vitro transcribed cRNA generated by the first round of amplification (see above) was subjected to a second round of amplification. cRNA was transcribed into cDNA using random primers and subsequently removed using heat-induced fragmentation. A second cDNA strand was synthesized using a T7-primer. A second cDNA strand was synthesized using a T7 primer to generate a dscDNA template containing the T7 promoter sequence. The resulting dscDNA was then amplified and labeled using a biotinylated nucleotide analog-ribonucleotide mix in the second IVT reaction. The labeled cRNA was then cleaned up, fragmented, and hybridized to GeneChip expression arrays.
Ribo-SPIA linear amplification. Ribo-SPIA-based RNA amplifications and target preparations were performed according to the manufacturer's instructions (picogram Ribo-SPIA prototype system, pRS and Ovation Biotin System, RS; see http://www.nugeninc.com/ technology/index.shtml) (Fig. 2) . Briefly, RNA was reverse transcribed into cDNA using reverse transcriptase with a DNA/RNA chimeric primer that is part DNA and part RNA. RNA was degraded by heating, and fragments served as primers for second-strand synthesis, yielding a dscDNA with an RNA/DNA heteroduplex at one end. The RNA portion of the heteroduplex portion of the dscDNA was digested using RNase H added to the reaction mixture together with a DNA polymerase and a second chimeric cDNA/cRNA primer (amplification primer). Amplification was continued using primer extension, strand displacement, and degradation of the RNA portion of the primer extension product hybridized to the target to reveal part of the priming site for subsequent primer hybridization and extension by strand displacement DNA synthesis. Accumulated cDNA amplification products were fragmented and labeled to generate biotinylated cDNA targets. cDNA targets were prepared using RS starting with 100, 30, 10, or 3 ng of total RNA or pRS starting from 10, 3, or 0.3 ng of total RNA.
Quantification and Qualitative Assessment of RNA, cRNA, and cDNA
Quantities of total RNA, cRNA, and cDNA were determined using absorbance spectrophotometry (ND-1000 spectrophotometer; NanoDrop Technologies, Wilmington, DE). For total RNA and cRNA, the conventional conversion, 1 OD 260 ϭ 40 ng/l, was used. For cDNA, the manufacturer's (NuGEN Technologies) recommended conversion, 1 OD260 ϭ 33 ng/l, was used. The quality of total RNA (eukaryotic total RNA nano assay) and cRNA and cDNA (mRNA smear nano assay) was determined using microfluidic electrophoresis (Bioanalyzer; Agilent Technologies, Palo Alto, CA).
Microarray Analysis
Hybridizations of cRNA and cDNA targets were performed according to the manufacturer's recommended procedures on highdensity oligonucleotide gene chips (Affymetrix Mouse Genome 430 2.0 GeneChip arrays; see http://www.affymetrix.com/support/technical/datasheets/mogarrays_datasheet.pdf). A total of 39 target prepara- A: averaged electropherograms of cRNA targets were prepared using OneRA from 10 g of total RNA (n ϭ 3). B: cRNA targets were prepared using TwoRA from 10 ng of total RNA (n ϭ 3). C: cDNA targets were prepared using RS from 3, 10, 30, or 100 ng of total RNA (n ϭ 1 each). D: cDNA targets were prepared using pRS from 10 ng of total RNA (n ϭ 2). Each sample was spiked with a 25-nt marker to aid alignment of traces with a ladder consisting of 200-, 500-, 1,000-, 2,000-, and 4,000-nt fragments (shaded traces).
tions were performed, and each preparation was analyzed using one GeneChip array. Data were scaled to a target intensity of 500 (GCOS software; Affymetrix). Normalization quality controls, including scaling factors, average intensities, present calls, background intensities, noise, and raw Q values all were within acceptable limits (Table 1) . Hybridization controls, BioB, BioC, BioD, and CreX, were called present on all chips and yielded the expected increases in intensities. Analyses of target populations were supported by GeneSpring (Silicon Genetics, Redwood City, CA), Excel (Microsoft, CA), and Origin 6.0 (OriginLab, Northampton, MA). Microarray data were deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (accession nos. GSE1435 and GSE2019).
Call concordance. Probe sets were either called present (P), absent (A), or marginal (M) on the basis of detection P values (P, P Ͻ 0.05; M, P ϭ 0.05-0.065; A, P Ͼ 0.065). Nine-field P/A/M matrices comparing data from two chips were constructed (Origin, version 6.0). Call concordance was the sum of the three concordant fields (P-P, A-A, and M-M), and call discordance was the sum of the other six fields (P-A, A-P, P-M, M-P, A-M, and M-A). Data were expressed as a percentage of the total number of probe sets (n ϭ 45,101). Call concordance within a set of triplicate data was computed as average Ϯ SD of three pairwise comparisons. Call concordance between two sets of triplicates was computed as average Ϯ SD of all nine pairwise comparisons.
Signal correlation. Signal intensities without regard to present, absent, or marginal calls were correlated, and linear correlation coefficients (r) were determined (Origin, version 6.0). Correlation r values within a set of triplicates were reported as averages Ϯ SD of the three possible correlations. Correlation r values between two sets of triplicates were based on averaged intensities and reported as a simple r value.
Sensitivity. Sensitivity was evaluated from the estimated fold change necessary for significance (Fold sig). Foldsig was obtained according to Fold sig ϭ [Avg ϩ 2.776 ϫ √(2/3 ϫ SD
2 )]/Avg, where Avg and SD are the average and standard deviation of the signal intensity of genes called present in all replicates, and 2.776 is the t value at P ϭ 0.05, assuming 4 df.
Differential gene expression. The signal intensity ratios of genes detected in all targets prepared from 10 g and 10 ng MK and MUR RNA using OneRA, TwoRA, RS, and pRS were calculated from the averages of triplicates. Ratios were correlated between amplification systems, and correlation coefficients were obtained.
Verification of Microarray Data
A small number of gene targets amplified from MUR RNA and detected using microarrays were verified by performing RT-PCR (Table 2 ). Targets were chosen on the basis of gene array data obtained from 10 ng of MUR RNA amplified using either TwoRA or RS. For each method, 13 targets were selected on the basis of six criteria established to ensure fair selection between these two methods. 1) Targets must be called present in three replicates of the considered amplification method (TwoRA or RS). 2) Targets must be called absent in three replicates of the other amplification method. 3) Hybridization intensities of the three replicates of the considered amplification method must be Ͼ100. 4) Targets of the considered amplification method must be annotated by Affymetrix as full-length mRNA and not as expressed sequence tag. 5) Hybridization intensities between sets of chosen targets must be comparable. 6) Fold differences between called present using one amplification method and absent using the other method must be comparable between sets of chosen targets. Average intensities and calls for the 26 selected genes are shown in Table 2 , not only for TwoRA and RS but also for OneRA and pRS.
Real time RT-PCR was performed in the presence of 0.2ϫ SYBR Green I (Molecular Probes, Eugene, OR) using MUR RNA and gene-specific primers (Table 1) (23) . RT was performed for 30 min at 50°C and for 15 min at 95°C. PCR consisted of 50 cycles of 1 min at 60°C, 1 min at 72°C, 7-s heating to hot measurement temperature, 13-s hot measurement at 78°C below product melting temperature, and 1 min at 94°C. Hot measurements were performed to eliminate the detection of primer dimers that tend to have melting temperatures between 72 and 75°C. PCR was followed by melting (60 -95°C). Targets were considered present when a single product of the appropriate size was obtained. Target sizes were determined by performing microfluidic electrophoresis (Bioanalyzer; Agilent Technologies). The average difference between observed and expected product sizes was 5.6 Ϯ 3.8 bp (n ϭ 25).
Statistics
Gene array experiments were performed in triplicate. RT-PCR experiments were performed at least in duplicate, mostly in quadruplicate. Data, including quality control values, are expressed as averages Ϯ SD. The significance of continuous data was determined using one-way ANOVA with a Bonferroni post hoc test. Significance was assumed at P Ͻ 0.05.
RESULTS
Target Yields and Amplification
Samples of total RNA ranging from 0.3 ng to 10 g were used as starting materials. Quantities were verified spectrophotometrically. RNA qualities were evaluated by performing Fig. 6 . Amplification of 18S rRNA. Signal intensity of the 3Ј, M, and 5Ј probes sets. Probe sets were consistently called present for six target preparations prepared using TwoRA or using RS or pRS (each 6/6) but not for targets prepared using OneRA. Values are averages Ϯ SD. Ratios were obtained for targets that were prepared from MUR RNA (each n ϭ 3) by one (OneRA), or two (TwoRA) rounds of amplification or by Ribo-SPIA linear amplification (RS and pRS). OneRA was taken as standard, and significantly different data are marked with an asterisk. microfluidic electrophoresis (Fig. 3) . MUR RNA was of slightly higher quality than MK RNA as evidenced by the larger ratio between the 28S and 18S peak. cRNA targets were prepared using OneRA or TwoRA starting with 10 g or 10 ng RNA, respectively. Alternatively, cDNA targets were prepared using RS starting with 3, 10, 30, or 100 ng of RNA and using pRS starting with 0.3, 3, and 10 ng of RNA. Figure 4 summarizes cRNA and cDNA target yields obtained after amplification. Yields for cRNA and cDNA targets were significantly different, but each was sufficient for preparation of the hybridization cocktail (Affymetrix). The size distributions of amplified products and of biotinylated and fragmented targets are shown in Fig. 5 .
These target preparation methods, OneRA, TwoRA, RS and pRS, are designed to amplify mRNA by priming at the polyA tail. Adherence to this design goal was evaluated using gene array analysis. PolyA tail-independent amplification was evaluated by probes for 18S rRNA, which is thought not to contain a polyA tail and therefore should not be amplified and consequently not called present. Probe sets for 18S hybridized with targets prepared using OneRA yielded low signal intensities and were not consistently called present (see Fig. 6 ). In contrast, 18S probe sets hybridized with targets prepared using TwoRA, RS, or pRS were consistently called present. Hybridization with targets prepared using TwoRA, RS, or pRS yielded high signal intensities.
Bias toward amplification of the 3Ј end of targets was evaluated using probes located toward the 3Ј and 5Ј ends and in the middle of GAPDH, ␤-actin, and transferrin receptor. Signal intensity ratios, 3Ј-5Ј and 3Ј-M, were calculated (Table  3) . Ratios should ideally be unity. Ratios for targets prepared using OneRA were closest to unity. Increased 3Ј-5Ј ratios were noted for all other target preparation methods from the lowerinput total RNA samples. This observation is similar to that noted by others and likely does not affect the quality of expression profiling with the GeneChip arrays, because the probe design for these arrays is 3Ј biased (12) . 3Ј Biases for targets prepared using RS and pRS were similar, regardless of the amount of starting material.
The number of probe sets that were called present, absent, or marginal were tabulated (Table 4) . pRS had the highest number of present calls, followed by OneRA, TwoRA, and RS, respectively. More genes were consistently (in all three replicates) called present after pRS than after TwoRA or RS (Fig. 7) . A sizable number of targets (n ϭ 13,539, based on MUR RNA) was amplified by all three methods. Similar observations were Call distributions and call concordances are relative to the total number of 45,101 probe sets. Call concordances and signal correlations are based on the three possible comparisons within triplicate samples. Estimated average fold changes necessary for significance (Foldsig) were based on average intensity and standard deviation for present genes. Targets were prepared from mouse kidney (MK) or mouse universal reference (MUR) RNA using OneRA or TwoRA or Ribo-SPIA linear amplification (RS or pRS). Targets prepared using OneRA from 10 g of RNA were taken as standard, and significantly different data are marked with an asterisk. made for MK RNA. For targets prepared using RS and pRS, present calls decreased and absent calls increased with decreasing amounts of starting material (Table 4) . Sensitivity was computed as the average fold change necessary for significance (Table 4) . Fold sig was found to be intensity dependent (Fig. 8) .
Verification of Amplification
A sizable number of targets (n ϭ 13,995; 13,539 ϩ 456, based on MUR RNA) were amplified from 10 ng of RNA using both TwoRA and RS (Fig. 7 ). An additional 5,929 (2,546 ϩ 3,383) targets were TwoRA specific because they were amplified using TwoRA and not RS, and an additional 3,093 (845 ϩ 2,248) targets were RS specific because they were amplified using RS and not TwoRA. TwoRA-and RS-specific targets had similar distributions of hybridization intensities and of fold differences between hybridization intensities that were called present and called absent. TwoRA-and RS-specific target populations were sampled according to a set of criteria (see MATERIALS AND METHODS) that ensured fair comparison between these two systems. All 13 TwoRA-specific and all 13 RSspecific targets could be verified in MUR RNA (Table 1) , a finding consistent with equal fidelity of TwoRA and RS. Of the 26 selected targets, 15 were called present using OneRA and 24 were called present using pRS. Quantitative comparisons other than between TwoRA and RS are not warranted, given that unbiased selection was ensured only for TwoRA and RS. Taken together, these data demonstrate equal fidelity of TwoRA and RS and suggest that each amplification system amplifies a unique set of targets in addition to the overlapping target sets.
Reproducibility between Replicates
Call concordances and correlation coefficients within triplicate samples were calculated to evaluate reproducibility between replicates (Table 4 ; the best examples are shown in Figs.  9, A-D, and 10) . Between replicates, call concordances were similar for targets prepared using OneRA or TwoRA and somewhat lower for RS and pRS (92.2, 91.8, 89.3, and 88.1%, respectively, for target prepared from 10 g and 10 ng of MUR RNA). Signal correlations were similar for targets prepared using all amplification systems.
Fidelity of Amplification Systems
Direct comparison. Call concordances were obtained from comparisons of samples prepared from 10 g of RNA using OneRA and from 10 ng using TwoRA, RS, or pRS (Table 5) . Call concordances between OneRA and TwoRA were higher than for any other comparison. Observations were similar for MK and MUR RNA. Signal intensities were correlated between amplification systems (Fig. 9, E-H) . Correlation coefficients between OneRA and TwoRA and between RS and pRS were better, most likely because of the greater similarities between these amplification systems. Low call concordances and signal correlations between T7-and Ribo-SPIA-based systems suggest that the two amplification methods may introduce different biases or that cDNA and cRNA perform differently on GeneChip arrays. Indeed, cDNA/DNA hybridizations may be more reliable than cRNA/DNA hybridization because of the lesser complexity of cDNA/DNA interactions (17, 18, 24) , which may affect both present vs. absent calls and signal intensities.
Differential gene expression. Amplification-induced bias in signal intensity can be canceled by computing differential gene expression. Signal intensity ratios of data originating from MK and MUR RNA were calculated from averages of triplicates. Table 5 . Call concordances and signal intensity correlations between systems
Ratios of samples that were prepared using different amplification systems were compared. Correlation coefficients were obtained for probes that were called present in all sets of triplicates prepared using OneRA, TwoRA, RS, and pRS ( Fig.  9, I-L) . Correlation between TwoRA and OneRA was considerably better than between other amplification systems.
DISCUSSION
Microarray-based gene expression profiling of microdissected tissue samples and needle biopsies is often limited because of insufficient amounts of RNA. Methods devised to overcome this limitation include signal amplification (8, 20) and sample amplification, including exponential amplification using PCR (7, 9, 13, 16, 22) and linear amplification using T7 polymerase (1, 4, 15, 21) . T7-based linear amplification methods, including TwoRA, are commonly used for preparation of targets from nanogram amounts of RNA (3, 21) . RS and pRS are novel systems that are based on Ribo-SPIA technology that was recently introduced as an alternative to TwoRA. The goal of the present study was to compare RS, pRS, TwoRA, and OneRA. Target yields and qualities, amplification biases, call concordances, correlation coefficients, and sensitivities were determined. Evaluations were based on direct comparisons and on differential gene expression. OneRA was taken as the baseline, mostly for historical reasons (11) . Although OneRA is the major linear amplification protocol used on the Affymetrix platform, it should not be assumed to generate a "true" or "standard" gene expression profile as implied by its commercial name.
RS and pRS generated significantly smaller amounts of cDNA than TwoRA generated cRNA (Fig. 4) , although all systems produced sufficient amounts of targets, given that 15 g of cRNA and only 2 g of cDNA are needed for array hybridization. Yields of cDNA targets prepared using RS and pRS were independent of the amount of starting material, which is similar to the pattern observed with PCR.
Probe sets for 18S rRNA were low in signal intensity and inconsistently called present in targets prepared using OneRA. However, 18S rRNA was consistently called present, with high signal intensities in target preparations prepared using TwoRA, RS, and pRS (Fig. 6 ). This observation may indicate that both T7-and Ribo-SPIA-based amplification systems prime at internal polyA sites. Alternatively, it is conceivable that polyadenylated forms 18S rRNA may be present as recently observed in yeast (10) . Thus it is possible that the higher sensitivity afforded by RNA amplification enables the detection of small amounts of polyadenylated rRNA on the arrays. The majority of amplified transcripts generated using RS and pRS were up to 1,000 nt in length (Fig. 5) . A similar length distribution was found for TwoRA. In contrast, the majority of amplified transcripts generated using OneRA were up to 2,500 nt in length. These differences are not likely to be important on Affymetrix arrays, in which Ͼ98% of the probe sets are located Ͻ600 nt from the 3Ј end.
3Ј Bias was further determined for three genes with probe sets that varied in their distances from the 3Ј end of the mRNA (Table 3) . 3Ј/M and 3Ј/5Ј ratios for GAPDH are best suited to predict fidelity of expression profiling given that Ͼ98% of probe sets on Affymetrix Mouse Genome 430 2.0 GeneChips are specific for sequences within 600 nt from the 3Ј end. The observation that 3Ј-M and 3Ј-5Ј ratios for GAPDH were close to unity is consistent with the view that TwoRA, RS, and pRS amplify targets with high fidelity. The observation that 3Ј-5Ј ratios for the transferrin receptor, which are based on probe sets located 528 and 2,225 nt from the 3Ј end, could be obtained only for OneRA is consistent with the finding that OneRA yielded longer transcripts than TwoRA, RS, or pRS.
The RNA starting material for MK and MUR differed notably in quality (Fig. 3) . Consistently, significant differences between MK and MUR RNA were found for probe sets that are Fig. 11 . 3Ј Bias as a function of the quality of the RNA starting material. MK RNA was of slightly lesser quality than MUR RNA as evidenced by the lesser ratio of the 18S and the 28S peaks (see Fig. 3 ). Targets were prepared using OneRA from 10 g of RNA, TwoRA from 10 ng of RNA, or RS or pRS from 10 ng of RNA. A-D: 3Ј-M and 3Ј-5Ј ratios for GAPDH and ␤-actin; n ϭ 3 for each ratio. *Significant differences between MK and MUR RNA. Note that no significant differences were found for OneRA or for ratios that spanned short distances. located 972 and 1,665 nt from the 3Ј end (3Ј-5Ј ratio for ␤-actin; Fig. 11 ). However, no significant differences were found for ratios of probe sets located 387 and 770 nt from the 3Ј end (3Ј-M ratio for GAPDH; Fig. 11 ). Given that Ͼ98% of probes are located within 600 nt of the 3Ј end, the difference in RNA quality was not expected to have a major effect on the gene array data. Consistently, analyses of GeneChip array data from both RNA gave similar results.
A sizable number of targets (13,539 in 10 ng of MUR RNA) were detected using TwoRA, RS, and pRS. The highest number of genes (21,652 in 10 ng of MUR RNA) was consistently called present in targets prepared using pRS compared with RS and TwoRA (Fig. 7) . pRS consistently amplified 15,179 targets from 0.3 ng of total RNA with acceptable reproducibility as measured by call concordance, signal correlation, and sensitivity (Table 4 and Figs. 8 and 10 ). Verification of 13 TwoRAand 13 RS-specific targets using RT-PCR (Table 2 ) demonstrated that TwoRA and RS amplified partially unique sets of targets.
Reproducibility between replicates was based on call concordance and estimated fold changes necessary for significance (Table 4 and Fig. 8 ). Reproducibility for targets that were prepared from 10 ng of RNA using TwoRA was higher than for targets prepared from 10 ng of RNA using RS or pRS. Fold changes necessary for significance, however, were well below 2 for all amplification systems. A fold change of 2 is sometimes used as an arbitrary lower limit for significance.
As expected, comparisons of targets populations prepared using different amplification methods yielded poorer call concordances and signal intensity correlations than comparisons of targets populations prepared using the same method (9, 14) . This difference illustrates the presence of system-specific biases.
Call concordances were higher between the two T7-based systems, OneRA and TwoRA, than between T7-and Ribo-SPIA-based systems (Table 5) , most likely because of the greater similarity of the methods and the similar number of present calls. Although RS and pRS are similar methods, they differed greatly in the number of present calls, which resulted in poorer call concordance. Signal correlation coefficients within the two T7-based (OneRA and TwoRA) or within the two Ribo-SPIA-based methods (RS and pRS) were significantly higher than any comparison between these methods (Table 5 and Fig. 9, E-H) . The observation that absent vs. present calls between OneRA and TwoRA or between OneRA and pRS were significantly larger than present vs. absent calls is consistent with amplification of rare messages using TwoRA and pRS. Amplification is likely to raise signal intensities of rare genes above the noise level (6) .
Differential gene expression was computed in an attempt to cancel system-dependent biases. Nevertheless, correlation between ratios of targets prepared using T7-based systems, TwoRA and OneRA, was considerably better than that between ratios of T7-and Ribo-SPIA-based methods (Fig. 9,  G-I ). This observation underscores the presence of systemspecific biases.
All nanogram amplification methods, TwoRA, RS, and pRS, yielded sufficient material for gene array work, although TwoRA yielded quantitatively more cRNA than RS or pRS yielded cDNA. The RS and pRS target preparation methods produced results comparable to those observed using more traditional T7-based methods and will enable studies of smaller RNA samples because the required input level is lower and the time and effort required for amplification are lower. pRS reproducibly amplified the highest number of targets and was found to be suitable for amplification of total RNA from amounts as low as 0.3 ng. Reproducibility and sensitivity of TwoRA relative to OneRA were higher than those of RS or pRS. All amplification systems, OneRA, TwoRA, RS, and pRS, amplified large overlapping sets of targets. Target preparations using RS and pRS were faster and produced cDNA, which is more stable than cRNA and thus can be banked for additional studies. The presence of system-specific biases prompts the recommendation that changes in amplification methodology within a study be avoided. Indeed, in the anticipation of future refined studies on nanogram amounts RNA, investigators may want to choose a nanogram amplification system for a pilot study even if microgram amounts of RNA are available.
